Inelastic x-ray scattering measurements on URu2Si2 by Gardner, D. R. et al.
Inelastic x-ray scattering measurements of phonon dynamics in URu2Si2
D. R. Gardner1, C. J. Bonnoit1, R. Chisnell1, A. H. Said2, B. M. Leu2, T. J. Williams3,4, G. M. Luke3, and Y. S. Lee1
1Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
2Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois, USA
3Department of Physics and Astronomy, McMaster University,
1280 Main Street West, Hamilton, ON, Canada L8S 4M1 and
4Quantum Condensed Matter Division, Neutron Sciences Directorate,
Oak Ridge National Lab, Oak Ridge, TN, 37831, USA
(Dated: August 5, 2018)
We report high-resolution inelastic x ray scattering measurements of the acoustic phonons of
URu2Si2. At all temperatures, the longitudinal acoustic phonon linewidths are anomalously broad
at small wave vectors revealing a previously unknown anharmonicity. The phonon modes do not
change significantly upon cooling into the Hidden Order phase. Our data suggest that the increase
in thermal conductivity in the Hidden Order phase cannot be driven by a change in phonon disper-
sions or lifetimes. Hence, the phonon contribution to the thermal conductivity is likely much less
significant compared to that of the magnetic excitations in the low temperature phase.
A full thirty years has passed since the Hidden Or-
der phase in the heavy fermion URu2Si2 that occurs be-
low T0 = 17.5K was first discovered.[1, 2] For all the
concerted effort, there is still no clear understanding of
the ordering of this phase.[3–13] The Hidden Order (HO)
phase is characterized by a gapping out of parts of the
Fermi surface, a large Ising anisotropy with the easy mag-
netic axis c in the tetragonal structure, and a gapping out
of c-axis polarized magnetic fluctuation.
Above T0, URu2Si2 is body-centered tetragonal (space
group I4/mmm) . Below T0, there is some uncer-
tainty; some work suggest that electronic structure
has the same symmetry as the antiferromagnetic state,
which occurs under pressure, and reduces the symme-
try to simple tetragonal[14]. Torque magnetometry
also suggests a breaking of C4 rotational symmetry in
the basal-plane magnetic susceptibility, further reduc-
ing the symmetry[15]. Cyclotron resonance [16, 17] and
NMR data [18] are supportive of C4 symmetry break-
ing, though the interpretation remains controversial. For
this analysis, we will use the body-centered tetragonal
structure.
Previous experimental work suggests the HO transi-
tion couples to the lattice. At T0, the c-axis thermal
expansion coefficient is negative while the in-plane coef-
ficient peaks sharply[19]. Thermal transport data show
an increase in thermal conductivity that is thought to be
dominated by a change in phonon thermal conduction[20,
21]. Ultrasound measurements show a softening of the
(C11 − C12)/2 elastic constant, which is associated with
an orthorhombic strain field[22]. Finally, some x-ray
diffraction data show an orthorhombic distortion only in
crystal samples that have high residual resistivity ratio
(RRR.) [23][24].
In this study, we perform high resolution inelastic
x ray scattering to study the acoustic phonon modes.
Most previous scattering studies focused on magnetic
excitations[25–30]. Neutron scattering data on phonon
excitations are complicated due to difficulties separat-
ing magnetic from vibrational excitations in most of the
data.[31, 32]. Because the magnetic scattering cross sec-
tion for x rays is negligible, x rays are the ideal probe to
study phonon excitations.
Inelastic scattering measurements were taken on the
HERIX spectrometer at Sector 30 of the Advanced Pho-
ton Source at Argonne National Laboratory. The exper-
iment was performed in transmission geometry with a
fixed final energy of 23.724 keV. The data were collected
during two experiments on the same single crystal sam-
ple. In the first of these experiments, scattering from
Kapton tape used for sample containment contributed to
quasi-elastic and background scattering. In the later ex-
periment, a redesigned sample holder precluded Kapton
scattering from satisfying the geometrical requirements
to reach the detectors.
The energy resolution of ∼ 1.5 meV was determined
by the FWHM of a pseudo-Voigt quasi-elastic scattering
around ~ω = 0 on plexiglass. The momentum resolu-
tion of ∼ 0.012A˚−1 was determined by measuring the
FWHM of the Bragg peaks. Unlike neutron scattering,
to good approximation the different components of the
resolution function are uncoupled: there is no tilting of
the resolution ellipsoid since the change in energy is so
small compared the total energy of the x ray. Background
counts are primarily due to detector dark counts, which
contribute negligibly to the experiment.
The scattering cross section for phonon excitations is
proportional to (Q · ξ)2 where Q is the total momen-
tum transfer and ξ is the eigenvector of a phonon mode.
Thus, by taking measurements at (400) (220) and (008)
zone centers, it is possible to independently measure lon-
gitudinal and transverse modes along high symmetry di-
rections. Figure 1 shows scans along (4 − , 0, 0) and
(2+ , 2+ , 0), which correspond to longitudinally polar-
ized modes along high-symmetry directions Γ to Σ and
Γ to X.
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FIG. 1: (A) The Brillouin zone for the body centered tetrag-
onal cell. (B-E) Phonon measurements with fits as described
in the text. (B) and (C) show longitudinally polarized acous-
tic phonon modes along the Γ to Σ at 8K and 300K. (D) and
(E) show longitudinal acoustic modes along Γ to X at 8K and
300K. For clarity, successive spectra where shifted by 2, 50,
2, and 10 cts/sec respectively.
The intensity for phonon scattering is proportional to
the dynamic structure factor S(Q, ω), which is fit to
damped harmonic oscillator (DHO) response function.
The scattering from the Kapton tape, which is present
in some scans, is accounted for phenomenologically by
two additional fit parameters: an amplitude for an over-
damped harmonic oscillator and a constant background.
The longitudinal acoustic modes show a significant
broadening near the zone center. This effect is seen at
both 300K and 8K which suggests the broadening is not
from phonon-phonon interactions, which is expected to
increase with increasing temperature. Fig 2 shows the
width from fitting the phonons to a DHO The insets show
the intrinsic width of the phonon extracted from convolv-
ing the DHO with the instrumental resolution function.
These nontrivial widths are caused by a reduction of the
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FIG. 2: Acoustic phonon mode widths from fits to a damped
harmonic oscillator. (A) (B) and (C) show cuts along Γ to Σ,
Γ to X, and Γ to Z respectively. The shaded region denotes
the FWHM of the energy resolution. Insets show the intrin-
sic width of longitudinal modes near the zone center. The
intrinsic widths are extracted from fits of a damped harmonic
oscillator convolved with the resolution function. (D) shows
the width of the DHO fits of longitudinal acoustic modes along
all three high-symmetry directions as a function of |q|, the re-
duced momentum transfer of the mode. Transverse modes at
(4, 0.1, 0) and (8, 0.1, 0) are included for comparison. Dashed
vertical lines denote the zone boundaries.
phonon lifetime as q approaches zero and is indicative of
phonons coupling to other degrees of freedom. In con-
trast, the transverse modes have long lifetimes and re-
main resolution limited.
Figure 3 shows the measured dispersions along high-
high symmetry directions. The error bars are much
smaller than the point size. Included are several op-
tic modes measured near the zone boundary. The light
blue shading denotes the region of phase space not cov-
ered by the longitudinal scans. Any longitudinal optic
modes in the white region can only exist if they have ex-
tremely small scattering amplitude. As the atomic form
factors for x-ray scattering are proportional to Z, this can
only occur for optic modes with eigenvectors dominated
by the silicon atoms. These observations are consistent
with previous reports.[31] The dashed lines are the speeds
of sound calculated from ultrasound measurements from
Yanigisawa et al. along Γ to Σ and Γ to X and from Wolf
et al. along Γ to Z [33, 34]. We did not measure any
temperature dependence to the dispersion between 300K
and 8K.
Diffraction on the same sample was performed on the
X21 beamline at the National Synchrotron Light Source
at Brookhaven National Laboratory. The data show
sharp Bragg peaks, which attests to the crystalline qual-
ity. Diffraction at the (440) Bragg peak is shown in Fig. 4.
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FIG. 3: Phonon dispersions are shown along various high-symmetry cuts. Solid lines are guide to the eye. Dashed lines are
speed of sound calculated from ultrasonic measurements[33, 34]. The shaded region indicates the unexplored region of phase
space for longitudinal modes. The Brillouin zone and high-symmetry points are shown in Fig. 1(A)
FIG. 4: θ-2θ diffraction data as a function of temperature
at the (440) structural Bragg peak. Upon cooling through
the HO transition, there is no evidence of peak splitting from
an orthorhombic distortion. Inset shows the data at 16K and
18K. Diffraction data were taken with E = 8.6 keV
If an orthorhombic distortion exists, as see in by Tone-
gawa et al. it would result a splitting of this peak[23].
The lack of observed splitting within our resolution al-
lows us to rule out any orthorhombic distortion greater
than δ = a−ba+b = 6 ∗ 10−5. This bound is smaller than
the distortion reported by Tonegawa et al. in a sample
with extremely RRR ∼ 670. Our sample has an RRR of
∼ 17 and so the lack of a distortion agrees with the ob-
served RRR dependence reported by Tonegawa et al and
is consistent with diffraction data by Tabata et al.[24]
Both Sharma et al. and Behnia et al. see a large
increase in the thermal conductivity, both in-plane and
along the c axis, upon cooling through the HO transition.
By analyzing the thermal hall conductivity, they con-
clude that the electronic contribution is extremely small
and therefore the lattice contribution must be large and
change significantly upon entering the HO phase. [20, 21]
Under a relaxation time approximation, the thermal
conductivity from an excitation of wave vector q and
branch j is given by
κq,j =
1
3
Cq,jvq,jλq,j =
1
3
Cq,jv
2
q,jτq,j (1)
where Cq,j is the heat capacity, vq,j is the group velocity,
λq,j is the mean free path, and τq,j is the relaxation time.
We can extract the relaxation time from the width of the
phonons, Γ as τ = hΓ .[35] This method has successfully
been used to calculate thermal conductivity from scat-
tering data [36].
From inspection of Eq. 1, at temperatures near T0,
only acoustic phonons near the zone center have both
sufficiently high heat capacity and group velocity to con-
tribute significantly to the thermal transport. The acous-
tic modes away from the zone center have a very small
group velocity and so contribute little; the optic modes
are too high of energy to be thermally populated and so
therefore should also contribute negligibly.
The measured intrinsic line width of the longitudinal
branches allow for the direct approximation of their con-
tribution to the thermal transport. For ease of calcu-
lation, we approximate the dispersion as isotropic. De-
viations from this approximation do not affect the cal-
culation much as mode contribution falls off as cos(θ)2,
4where θ is the angle between the mode propagation and
thermal transport. The Brillouin zone is approximated
as a Debye sphere.
For the region of the dispersion near the zone center,
for which the intrinsic line width can be extracted, we use
this to calculate the mean free path. For the remainder
of the branch, we use the upper bound of 1mm, which
represents boundary scattering from sample sizes typical
for thermal transport measurements. This then repre-
sents an upper limit for what the branch can contribute.
For thermal transport along the a axis, the longitudinal
mode only contributes 0.2 WK m , a negligible amount of
the total conductivity. The mean free path of a phonon
is λ = (∂~ω/∂q)(1/Γ). Because only modes with intrin-
sic widths on the order of 1meV are measurable beyond
resolution, and since the speeds of sound are ∼30 meV
A˚, any modes with with measured width outside of reso-
lution have a mean free path only on the order of tens of
angstroms. Hence, it is reasonable that the longitudinal
branch contributes such a small amount.
For the transverse modes, we cannot extract an intrin-
sic line width from any of the modes as they are reso-
lution limited. Therefore, it is impossible to rule out a
significant increase in the thermal transport from these
modes upon entering the Hidden Order. However, the
mean free path lower bound for transverse phonons near
the zone center is only ∼30 A˚ as anything smaller would
induce a measurable width. We can calculate an effective
mean free path for the entire transverse branches neces-
sary to match the reported thermal conductivity. This
effective λ must increase from ∼ 1 µm above the HO to ∼
50 µm immediately below it. This change must occur to
the mean free path throughout the entire Brillouin zone
to account for the increase of thermal conductivity in all
measured directions and thus seems an unlikely source
for the increase in thermal conductivity.
A more plausible explanation is that the known mag-
netic excitation are the source of the thermal trans-
port increase in the HO phase. Thermal transport from
magnetic excitations has been observed in a variety of
materials including multiferroics, spin ice, monolayer
cuprates, and low-dimensional spin systems.[37–41] Neu-
tron scattering data reveal that below T0, there are well-
defined magnetic excitations throughout the Brillouin
zone. Lowest energy excitations occur at Q0 = (1 0 0)
and Q1 = (1.4 0 0) with gaps of 1.7 and 4.2 meV respec-
tively. [30] These modes are dispersive and sharp in all
measured directions and are low enough in energy to be
thermally active and thus must contribute to thermal
transport.
Above T0,the excitation at Q0 is thought to become
gapless but heavily overdamped. The excitation at Q1
lowers to 2.1 meV, but also becomes heavily damped [30].
Thus the magnetic excitations above T0 are incapable of
carrying appreciable thermal current.
The broadening of longitudinal acoustic phonon as
q→ 0 suggest the modes are coupling to other degrees of
freedom at all temperatures. One possibility is coupling
to magnetic excitations at Q0, which becomes a zone cen-
ter for a simple tetragonal unit cell proposed as the true
unit cell.[14, 42] Though the magnetic excitations change
considerably upon entering the HO, magnetic scattering
exists at Q0 above the transition and so may still couple
to phonons. Electronic Raman spectroscopy has recently
revealed a q = 0 excitation which may also be a source
of phonon coupling.[10] Finally, it is possible that part of
the broadening comes from disorder. Regardless of the
exact nature of the coupling, it is clear that low energy
electronic and/or magnetic excitations play a significant
role in the low temperature thermal properties and have
a strong coupling to the phonons at small wave vectors.
The work at MIT was supported by the Department
of Energy (DOE-BES) under Grant No. DE-FG02-
07ER46134. Use of the Advanced Photon Source at Ar-
gonne National Laboratory was supported by the DOE-
BES under Contract No. DE- AC02-06CH11357. The
construction of HERIX was partially supported by the
NSF under Grant No. DMR- 0115852.
[1] T. Palstra, A. A. Menovsky, J. v. d. Berg, A. J.
Dirkmaat, P. H. Kes, G. J. Nieuwenhuys, and J. A.
Mydosh, Physical Review Letters 55, 2727 (1985).
[2] M. B. Maple, J. W. Chen, Y. Dalichaouch, T. Ko-
hara, C. Rossel, M. S. Torikachvili, M. W. McEl-
fresh, and J. D. Thompson, Physical Review Letters
56, 185 (1986).
[3] J. A. Mydosh and P. M. Oppeneer, Reviews of Modern
Physics 83, 1301 (2011).
[4] J. A. Mydosh and P. M. Oppeneer, Philosophical
Magazine 94, 3642 (2014).
[5] P. Chandra, P. Coleman, and R. Flint, Nature 493,
621 (2013).
[6] C. Pe´pin, M. R. Norman, S. Burdin, and A. Ferraz,
Physical Review Letters 106, 106601 (2011).
[7] C. M. Varma and L. Zhu, Physical Review Letters 96,
036405 (2006).
[8] V. P. Mineev and M. E. Zhitomirsky, Physical Review
B 72, 014432 (2005).
[9] Y. Dubi and A. V. Balatsky, Physical Review Letters
106, 086401 (2011).
[10] H. H. Kung, R. E. Baumbach, E. D. Bauer, V. K.
Thorsmolle, W. L. Zhang, K. Haule, J. A. Mydosh,
and G. Blumberg, Science 347, 1339 (2015).
[11] H. Ikeda, M.-T. Suzuki, R. Arita, T. Takimoto,
T. Shibauchi, and Y. Matsuda, Nature Physics 8, 528
(2012).
[12] M.-T. Suzuki and H. Ikeda, Physical Review B 90,
184407 (2014).
[13] S. Elgazzar, J. Rusz, M. Amft, P. M. Oppeneer,
and J. A. Mydosh, Nature Materials 8, 337 (2009).
[14] E. Hassinger, G. Knebel, T. D. Matsuda, D. Aoki,
V. Taufour, and J. Flouquet, Physical Review Letters
105, 216409 (2010).
5[15] R. Okazaki, T. Shibauchi, H. J. Shi, Y. Haga, T. D.
Matsuda, E. Yamamoto, Y. Onuki, H. Ikeda, and
Y. Matsuda, Science 331, 439 (2011).
[16] S. Tonegawa, K. Hashimoto, K. Ikada, Y. Tsu-
ruhara, Y. H. Lin, H. Shishido, Y. Haga, T. D. Mat-
suda, E. Yamamoto, Y. Onuki, H. Ikeda, Y. Mat-
suda, and T. Shibauchi, arXiv.org (2013).
[17] S. Tonegawa, K. Hashimoto, K. Ikada, Y. H. Lin,
H. Shishido, Y. Haga, T. D. Matsuda, E. Ya-
mamoto, Y. Onuki, H. Ikeda, Y. Matsuda, and
T. Shibauchi, Physical Review Letters 109, 036401
(2012).
[18] S. Kambe, Y. Tokunaga, H. Sakai, T. D. Matsuda,
Y. Haga, Z. Fisk, and R. E. Walstedt, Physical Re-
view Letters 110, 246406 (2013).
[19] A. de Visser, F. E. Kayzel, A. A. Menovsky, and
J. J. M. Franse, Physical Review B 34, 8168 (1986).
[20] K. Behnia, R. Bel, Y. Kasahara, Y. Nakajima,
H. Jin, H. Aubin, K. Izawa, Y. Matsuda, J. Flou-
quet, Y. Haga, Y. Onuki, and P. Lejay, Physical
Review Letters 94, 156405 (2005).
[21] P. Sharma, N. Harrison, M. Jaime, Y. Oh, K. Kim,
C. Batista, H. Amitsuka, and J. Mydosh, Physical
Review Letters 97, 156401 (2006).
[22] T. Yanagisawa, S. Mombetsu, H. Hidaka, H. Amit-
suka, M. Akatsu, S. Yasin, S. Zherlitsyn, J. Wos-
nitza, K. Huang, and M. B. Maple, Journal of the
Physical Society of Japan 82, 013601 (2012).
[23] S. Tonegawa, S. Kasahara, T. Fukuda, K. Sug-
imoto, N. Yasuda, Y. Tsuruhara, D. Watanabe,
Y. Mizukami, Y. Haga, T. D. Matsuda, E. Ya-
mamoto, Y. Onuki, H. Ikeda, Y. Matsuda, and
T. Shibauchi, Nature Communications 5, 1 (2014).
[24] C. Tabata, T. Inami, S. Michimura, M. Yokoyama,
H. Hidaka, T. Yanagisawa, and H. Amitsuka, Philo-
sophical Magazine 94, 3691 (2014).
[25] C. Broholm, H. Lin, P. T. Matthews, T. E. Mason,
W. Buyers, M. F. Collins, A. A. Menovsky, J. A.
Mydosh, and J. K. Kjems, Physical Review B 43, 12809
(1991).
[26] C. Wiebe, G. Luke, Z. Yamani, A. Menovsky, and
W. Buyers, Physical Review B 69, 132418 (2004).
[27] C. R. Wiebe, J. A. Janik, G. J. MacDougall, G. M.
Luke, J. D. Garrett, H. D. Zhou, Y. J. Jo, L. Bali-
cas, Y. Qiu, J. R. D. Copley, Z. Yamani, and W. J. L.
Buyers, Nature Physics 3, 96 (2007).
[28] J. A. Janik, H. D. Zhou, Y. J. Jo, L. Balicas, G. J.
MacDougall, G. M. Luke, J. D. Garrett, K. J. Mc-
Clellan, E. D. Bauer, and J. L. Sarrao, Journal of
Physics: Condensed Matter 21, 192202 (2009).
[29] T. J. Williams, Z. Yamani, N. P. Butch, G. M. Luke,
M. B. Maple, and W. J. L. Buyers, Physical Review
B 86, 235104 (2012).
[30] F. Bourdarot, S. Raymond, and L.-P. Regnault,
Philosophical Magazine 94, 3702 (2014).
[31] N. P. Butch, M. E. Manley, J. R. Jeffries,
M. Janoschek, K. Huang, M. B. Maple, A. H. Said,
B. M. Leu, and J. W. Lynn, Physical Review B 91,
035128 (2015).
[32] J. Buhot, M. A. Me´asson, Y. Gallais, M. Caza-
yous, A. Sacuto, F. Bourdarot, S. Raymond,
G. Lapertot, D. Aoki, L. P. Regnault, A. Ivanov,
P. Piekarz, K. Parlinski, D. Legut, C. C. Homes,
P. Lejay, and R. P. S. M. Lobo, Physical Review B
91, 035129 (2015).
[33] T. Yanagisawa, H. Saito, Y. Watanabe, Y. Shimizu,
H. Hidaka, and H. Amitsuka, Journal of Physics: Con-
ference Series 391, 012079 (2012).
[34] B. Wolf, W. Sixl, R. Graf, D. Finsterbusch,
G. Bruls, B. L thi, E. A. Knetsch, A. A. Menovsky,
and J. A. Mydosh, Journal of Low Temperature Physics
94, 307 (1994).
[35] A. A. Maradudin and A. E. Fein, Physical Review
128, 2589 (1962).
[36] J. Pang, W. Buyers, A. Chernatynskiy, M. Lums-
den, B. Larson, and S. Phillpot, Physical Review
Letters 110, 157401 (2013).
[37] Y. Matsuoka, T. Kawamata, K. Naruse, M. Ohno,
Y. Nishiwaki, T. Kato, T. Sasaki, and Y. Koike,
Journal of the Physical Society of Japan 83, 064603
(2014).
[38] K. Berggold, T. Lorenz, J. Baier, M. Kriener,
D. Senff, H. Roth, A. Severing, H. Hartmann,
A. Freimuth, S. Barilo, and F. Nakamura, Phys-
ical Review B 73, 104430 (2006).
[39] Z. Y. Zhao, X. M. Wang, C. Fan, W. Tao, X. G.
Liu, W. P. Ke, F. B. Zhang, X. Zhao, and X. F. Sun,
Physical Review B 83, 014414 (2011).
[40] W. H. Toews, S. S. Zhang, K. A. Ross, H. A.
Dabkowska, B. D. Gaulin, and R. W. Hill, Phys-
ical Review Letters 110, 217209 (2013).
[41] M. Hofmann, T. Lorenz, K. Berggold,
M. Gru¨ninger, A. Freimuth, G. S. Uhrig, and
E. Bru¨ck, Physical Review B 67, 184502 (2003).
[42] J.-Q. Meng, P. M. Oppeneer, J. A. Mydosh, P. S.
Riseborough, K. Gofryk, J. J. Joyce, E. D. Bauer,
Y. Li, and T. Durakiewicz, Physical Review Letters
111, 127002 (2013).
